Chilean soils derived from volcanic ashes are a natural source of iron oxides. Due to their properties, mineralogy, and surface characteristics, iron oxides from Chilean soils are potential candidates for technological applications such as heterogeneous catalysis. However, before a direct application in catalysis, pre-treatment methods are necessary to concentrate iron oxides from bulk volcanic soils. Here, we provide a comprehensive review of pre-treatment strategies for iron oxide concentration including physical separation and selective chemical dissolutive methods for application in catalytic processes, such as the water gas shift (WGS) and Fenton reactions. For preparation of WGS catalyst from volcanic soils, thermal treatment has been demonstrated to be effective, yielding enhanced results for Andisols compared to Ultisols. Based on mineralogical characterisation, it seems that WGS reaction efficiency depends on mineralogical phase shift and the changes of Fe demonstrate the best catalytic performance as Fenton reagent due to their natural magnetite and titanomagnetite content. Application of NaOH selective dissolutive treatment to silt+clay fraction of volcanic soils also produces
Iron-bearing minerals from soils developing on volcanic materials from Southern Chile

Technological applications of natural iron oxides
Volcanic soils have been used to create novel materials with diverse technological applications, including soil-component stabilization, pollutant adsorption (immobilisation), and degradation. For example, Navia et al. (2005) reported that Chilean volcanic soils are a good candidate for mineral landfill liner material applications due to their high heavy metal retention (comparable to natural zeolite). Calabi-Floody et al. and industrial applications. Goure-Doubi et al. (2014) established the important role of iron oxides in the creation of building bridges between fulvic/humic substances and the mineral fraction in soil. Another important role of iron oxide minerals in soil, as established by Cornell and Schwertmann (1996) , corresponds to the contribution of variable surface charge from less crystalline iron oxides, such as ferrihydrite, a well-known highly reactive iron oxide (Lan et al. 2017) . In more interdisciplinary studies, Braunschweig et al. (2013) and Liu et al. (2014) , have established that depending on the type of mineral, particle size, crystalline degree, presence of organic matter, and aggregation, iron oxides from soil may control several inorganic, organic, and microbiological redox reactions, participating in the natural cycles of several elements. Furthermore, as Pereira et al. (2007 and reported, iron oxides have been extensively characterized for their decontamination capacities of organic pollutants; e.g., iron oxide on nanometricallophane particles have shown efficient degrading capacities of organic molecules. Moreover, Yu et al. (2016) employed a batch-reactor system with hematite, goethite, and ferrihydrite for the degradation of nitrobenzene/anisole on soil samples. Taken together, these works demonstrate how the transforming capacities intrinsic to natural iron oxides have been utilized in an array of remediation applications.
The technological applications of iron oxides are inspired by their known properties, principally those related to surface characteristics and redox reactivity. Taking advantage of these properties and the overall low solubility of these minerals, other types of iron-oxide-based technology have been developed: heterogeneous catalysts. In their review, Oliveira et al. (2013) highlighted that iron oxides are renowned heterogeneous catalysts for chemical and industrial processes. For example, the production of NH 3 through the Haber process (Haber and Le Rossignol, 1916 ) makes use of iron-oxide based catalyst. Moreover, while hydrocarbon (fuel) synthesis through the Fischer-Tropsch process is typically catalysed by ruthenium, iron oxides have also shown good performance (de Smit and Weckhuysen 2008) at comparatively lower cost. Additional examples of iron oxides as heterogeneous catalysts include photocatalytic degradation of pollutants using a hematite-based catalyst (Xiang et al. 2016) or feroxyhyte (Lima et al. 2015) , and Advanced Oxidation Processes (AOP) through the Fenton and Fenton-like reactions (Nidheesh, 2015; Pereira et al. 2012; Garrido-Ramirez et al. 2010 and . Finally, hydrogen production through the Water Gas Shift (WGS) reaction has shown good performance in high-temperature conditions using a Fe-based catalyst . Pizarro et al. Thus, there are many publications demonstrating the utility of iron oxides in remediation systems in environmental and industrial applications. Only very few of these reports, however, address the application of iron oxides from natural sources, such as volcanic soils, where both the unique properties of these soils and their natural iron oxide content may result in potential technological applications. In fact, searching for "iron oxide" in the online search engine Scopus (Scopus 2017 ) and filtering results with the terms "heterogeneous catalysis" and "mineral" yields only 1,061 results, representing articles published from 1980 to 2017. Of these, only 20 (ca. 1.9%) actually correspond to original research articles with examples of natural iron oxides, iron containing soil-fractions, and soils applications on heterogeneous catalysis (Table 1) .
Among the most important advantages of using natural iron materials as catalysts are their overall low cost and ubiquity, as iron is the fourth most abundant element in the earth's crust (Pereira et al. 2012) . As detailed in Table 1 , the most abundant applications are related to the Fenton and Fenton-like reaction processes. Previously, Escudey and Moya (1989) , Moya et al. (1991a) , and Pizarro et al. (2005) reported the application of Chilean volcanic soils as WGS reaction catalysts, which will be further reviewed herein. Table 2 (Mella and Kühne 1985; Pizarro et al. 2003; Escudey et al. 2004; Pizarro et al. 2017) .
Andisols are less developed than Ultisols, with a mineral content of poorer crystalline degree (Mella and Kühne 1985) . These soils orders have distinct dominant iron oxide minerals originating from their main inorganic precursor material: volcanic ash. Silva et al. (2014) described the presence of Ca-magnetite as the most important iron oxide minerals, besides Fediopside, in ashes from the Osorno volcano, establishing a probable explanation for the mineral profiles in soils derived from volcanic ashes. The iron oxide mineralogy of Chilean volcanic soils has been thoroughly characterized, and, at least for Ultisol, a trend has been observed regarding the iron oxide mineralogy of the different size-fractions of soil (Pizarro et al. 2017) . Pizarro et al. (2001) reported that magnetic separated from the sand-size soil fraction of Ultisol as partially oxidized magnetite. In contrast, Iron-bearing minerals from soils developing on volcanic materials from Southern Chile analysis of the silt-size fraction from the same Ultisol revealed the dominant iron oxide to be oxidized magnetite (Pizarro et al. 2000a and b) . Finally, results from Pizarro et al. (2008) (Pizarro et al. 2000a and b; 2001; 2008) .
In broad terms, Andisols present higher OC content than Ultisols ( Volcanic soils as catalysts for the water gas shift reaction As described by Callaghan (2006) , the water gas shift reaction (WGS) is an industrial process for the conversion of H 2 O and CO into H 2 and CO 2 through the following reaction:
The added value of this reaction is the production of H 2 , a clean fuel. There is a controversy regarding the actual reaction mechanism: some authors support the theory explored by Campbell and Daube (1987) which establishes the adsorption pathway, with formate as intermediate of reaction. In contrast, other researchers support the redox route proposed by Temkin (1979) . Moreover, Choi and Stenger (2003) proposed that both mechanisms occur simultaneously, to different extents, depending on the catalyst nature and working-temperature, following the reaction scheme:
The adsorption mechanism (1-6) requires a surface (Sf)
to absorb reagents and permit their reaction. The redox mechanism (7-8) capitalizes on the redox properties of the catalyst for reducing water in the first step and oxidizing carbon monoxide in the second. Since adsorption and redox properties determine the role of iron oxides in nature, natural iron oxides or soils containing a significant amount of iron oxides (such as Chilean soils derived from volcanic ashes) are logical candidates for WGS catalysis. Therefore, we reviewed the use of Chilean volcanic soils as WGS catalysts.
Our group previously studied volcanic soil samples (B-horizon) from southern Chile, specifically from Collipulli (Ultisol, 30º54'S 72º25'W), Osorno (Andisol, 40º33'S 73º4'W) and San Patricio (Andisol, 38º39'S 72º78'W) (Escudey and Moya, 1989; Moya et al. 1991a; Pizarro et al. 2005; Pizarro et al. 2017) . samples (Escudey and Moya 1989; Moya et al. 1991a; Pizarro et al. 2005) . (Ko et al. 2006; Ko 2008 ) regarding novel purification systems for coal gas consider the use of natural iron oxide containing materials (red soil and Oxisols samples). In addition to observing effective purifying capabilities through H 2 S adsorption, the effluent gasmixture always contained H 2 and CO 2 , ascribed to the WGS process. The reaction itself is typically carried out in alkaline media in moderate conditions (0.6 M KOH, 100 ºC and 0.9 atm CO) using a fixed amount of catalyst (Moya et al. 1991a; Pizarro et al. 2005) . Heating temperature affects catalyst performance significantly but differently for each soil. After treatment at 220 ºC, all three soils produced comparable amounts of H 2 (around 15-20 μmol after the first 6 hours), with Osorno being the least efficient catalyst. As pre-treatment heating temperature increases, so did H 2 output in each system. Maximum performance for Collipulli and Osorno soils was achieved after pre-treatment at 500 ºC, while for San Patricio soils pre-treatment at 410 ºC produced optimal performance with maximum production of about 60 μmol H 2 after the first 12 hours. Further increases in temperature until 600 ºC generally decreased the yield for each system, which can be explained by catalyst deactivation and/or a significant reduction of specific surface area (Table 3 ). The authors (Moya et al. 1991a; Pizarro et al. 2005) for all samples after pre-treatment at 600 ºC (Table   3) , representing a possible reduction in the number of available catalytic active sites. Taken together, these observations likely explain the decrease in catalyst performance at 600 ºC. In conclusion, volcanic soils can be used as catalysts for the WGS reaction, and heat treatment prior to application yields improved performance. The optimal heat treatment temperature may be specific to each soil type and warrants further study. As discussed above, maximum H 2 yield is typically observed at an exact pre-treatment temperature.
Iron-bearing minerals from soils developing on volcanic materials from Southern Chile
Failure to determine the optimal temperature for the soil type under study could limit resulting catalytic activity. The iron oxide content in soils undergoes transformations after each heat pre-treatment procedure. Until 500 ºC the Fe 2+ /Fe 3+ ratio in Andisol increases and an important increment of the magnetically ordered components in Ultisol is observed. In the 500-600 ºC range, the decrease in surface area and presumed retrogression of the iron oxide transformation might explain decreased catalytic activity. In the subsequent sections, we review the use of volcanic soils as heterogeneous catalysts for applications in environmental remediation.
Volcanic soils as Fenton reaction catalysts
The Fenton reaction involves the oxidation of organic molecules by the combined action of iron (II) 
This mechanism consists of a chain reaction that starts with the oxidation of Fe 2+ and generation of the first hydroxyl radical (9). Then the propagation steps (10 and 11) produce the hydroperoxyl radical (HO 2 •) and regenerate the Fe Natural iron oxides have been extensively studied for their catalytic application in the Fenton process.
As described by He et al. (2015) , the use of minerals bearing natural iron oxides presents an important advantage over synthetics. First, natural iron oxides are ubiquitous in the earth's crust, suggesting that in theory, site remediation of organic pollutants using the Fenton reaction would require only HOOH addition.
However, as several authors have noted, the biggest limitation is that the iron mineral must contain Fe 2+ in its structure or the process will not be efficient. Natural iron oxides have been extensively studied for their catalytic application in the Fenton process.
As described by He et al. (2015) , the use of minerals bearing natural iron oxides presents an important advantage over synthetics. First, natural iron oxides are ubiquitous in the earth's crust, suggesting that in theory, site remediation of organic pollutants using the Fenton reaction would require only HOOH addition. However, as several authors have noted, the biggest limitation is that the iron mineral must contain Fe 2+ in its structure or the process will not be efficient.
Dalla-Villa and Nogueira (2006) 
Magnetic separates from Ultisol as catalysts for the
Fenton reaction
Chilean volcanic Ultisols contain a diverse array of iron oxide minerals with generally higher crystalline order compared to Andisol (Mella and Kuhne 1985; Pizarro et al. 2017) and possess different dominant iron oxide forms depending on the soil size-fraction: partially oxidised magnetite in the sand-size fraction, oxidized magnetite in the silt-size fraction, and maghemite in the clay-size fraction (Pizarro et al. 2000a (Pizarro et al. , 2000b (Pizarro et al. , 2001 (Pizarro et al. , 2005 (Pizarro et al. , 2017 Fenton activity can be evaluated through quantification of HOOH decomposition via O 2 volume measurement on a gas-tight system (3.5 mol L -1 hydrogen peroxide on a volumetric gas system at pH 5.0 at 21 ºC using 15 mg of the respective catalyst) as analyses of the magnetic separates revealed the presence of magnetite with isomorphic substitution of Ti (Pizarro et al. 2001, and authors' unpublished data) among other compounds (Table 4) . Taken together, this characterisation may explain the differences in catalytic performance observed for both Ultisols. The difference observed, however, is that titanium content on Collipulli magnetic separates is higher than on Metrenco (Table 4) , conforming, presumably, titanomagnetite structures as has been confirmed for Collipulli samples (Pizarro et al. 2001) . Zhong et al. (2012) demonstrated that increasing Ti proportions, fixated on magnetite-based catalysts, greatly enhances the photo-Fenton degradation of tetrabromobisphenol.
Thus, the Ti content of Collipulli, at least in part, explain its superior performance as Fenton catalyst.
Also, both soils have different dominant aluminosilicate mineralogy (Table 4) , with halloysite and kaolinite for Collipulli and Metrenco, respectively. More than just the product of their distinct geological origin, this key difference likely produces distinct geometrical surface area on exposed iron oxide catalytic sites. A similar conclusion may be drawn from the results of He et al. (2015) , which pertain to the use of natural Chinese magnetite from different sources as a
Fenton catalyst for p-nitrophenol decomposition. The authors reported that after crushing and grinding mineral samples, magnetite was hand-picked under a binocular microscope followed by magnetic separation.
Despite the meticulous methodology used to ensure isolation of pure natural magnetite, some intrinsic Pizarro et al. (Pizarro et al. 2017) . In contrast, magnetic separates from the Collipulli sand-size fraction contain iron oxides dominated by magnetite (Figure 3) , one of the most efficient and well-studied iron oxide minerals in Fenton catalysis applications (Pereira et al., 2012) . Moreover, as demonstrated by Yang et al. 
